In depth Monte Carlo conformational scans in combination with molecular dynamics (MD) simulations and electronic structure calculations were applied in order to study the molecular recognition process between tetrasubstituted naphthalene diimide (ND) guests and G-quadruplex (G4) DNA receptors. ND guests are a promising class of telomere stabilizers due to which they are used in novel anticancer therapeutics. Though several ND guests have been studied experimentally in the past, the protonation state under physiological conditions is still unclear. Based on chemical intuition, in the case of N-methylpiperazine substitution, different protonation states are possible and might play a crucial role in the molecular recognition process by G4-DNA. Depending on the proton concentration, different nitrogen atoms of the N-methyl-piperazine might (or might not) be protonated. This fact was considered in our simulation in terms of a case by case analysis, since the process of molecular recognition is determined by possible donor or acceptor positions. The results of our simulations show that the electrostatic interactions between the ND ligands and the G4 receptor are maximized in the case of the protonation of the terminal nitrogen atoms, forming compact ND G4 complexes inside the grooves. The influence of different protonation states in terms of the ability to form hydrogen bonds with the sugar-phosphate backbone, as well as the importance of mediated vs. direct hydrogen bonding, was analyzed in detail by MD and relaxed force constant (compliance constant) simulations.
Introduction
Under physiological conditions, certain G-rich oligonucleotide sequences fold into structures called G-quadruplexes 1 
(G4).
These structures are formed by planar guanine quartets held together by Hoogsteen hydrogen bonds and p-p stacking interactions. Nucleotide sequences that are able to fold into G4 conformations were found in many regions of the human genome, for example in telomeres and oncogenes 2, 3 and recently they were also observed in living cells. 4, 5 The telomeric endings of human chromosomes for example are composed by a repetition of a noncoding hexamer (TTAGGG) protecting the chromosomes from recombination and degradation. 6 In human somatic cells the whole telomeric DNA has a length of ca. 15 kb, 7 with a short (150-200 nucleotides) single stranded 3 0 termination. Normally, the telomeric DNA is progressively shortened during cellular replication, a process which is controlled and counter balanced by the enzyme telomerase by adding nucleotides to the end of telomeres. Nevertheless, when a living cell reaches its critically short length, it enters the senescence state and stops replication. In contrast, 80-90% of human tumor cells are characterized by telomerase overexpression. Since the mid-1990s, one anti-cancer strategy has indeed been to use small molecules able to stabilize G-quadruplex structures by means of telomerase inhibition. Consequently, a number of ligands which are able to bind selectively to the G-quadruplex motif have been studied since then. [8] [9] [10] [11] One of the first examples, 2,6-diamidoanthraquinone, stabilizing the G-quadruplex by a ''threading'' intercalation mode, was published as early as 1997. 9 In 1998, it was discovered that perylene diimides (for example, N,N 0 -bis[2-(1-piperidino)ethyl]-3,4,9,10-perylenetetracarboxylic diimide, also known as PIPER) are able to induce and stabilize DNA G-quadruplex structures due to which they inhibit telomerase activity too. 10 Not much later, in 2001, Quarfloxin (CX-3543), a fluoroquinolone derivative, was introduced, which was in succession optimized by Cylene Pharmaceuticals. It binds to G-quadruplex DNA and selectively disrupts the interaction of rDNA G-quadruplexes with the nucleolin protein, thereby inhibiting Pol I transcription. 11 To date CX-3543 is the sole quadruplex-binding compound, which has entered the clinical phases I an II. Quite recently, piperazine substituted naphthalene diimide (ND) guests, pioneered by the Neidle group, have attracted special attention. They are characterized by a common naphthalene diimide aromatic core, which is able to stack effectively to the G4 3 0 quartet, while the piperazine substituents strengthen the recognition process via hydrogen bonds. Under physiological pH-conditions, the piperazine nitrogen atoms are protonated, leading to four positively charged ND arms. Experimental 12-14 and computational 15 biophysical studies could demonstrate that such ligands are in indeed effective G4-binders. Though it is not always considered explicitly, the protonation state of a ligand [16] [17] [18] and the host 19 plays a key role in drug design and molecular recognition. For example, adding a proton to a neutral ligand leads to different binding modes, enhancing the hydrogen bonding aptitude with the negatively charged phosphate groups. In the case of ND G4 complexes, the strength of the noncovalent interactions, and as a result the stability of the complex, heavily depends on the protonation state, which is unknown for most solid-state PDB structures. For example, in order to design novel small-molecule ligands, it is therefore of crucial interest to
(1) understand and, in a second step, (2) control the guest's protonation state by the design of novel candidates with tailored substituents. In this respect, a thorough in silico simulation might help in finding effective new binders, which need, of course, to be tested in vitro and finally in vivo. As part of our ongoing studies on the recognition process of G4 telomeres, 20 here we present a computational study concerning the binding of a series of naphthalene diimide (ND) ligands 1-4 ( Fig. 1 ) using a well-defined telomeric quadruplex model.
Enthalpic binding strengths
In general, the methyl-piperazine moiety can be considered as a diprotic base. For 1,4-dimethylpiperazine the reported values of pK a1 and pK a2 at 298 K are 8.38 and 3.81, respectively. 21 Two limiting protonation states were therefore designed in our study:
(1) the internal nitrogen atoms of the four methyl-piperazine rings are protonated (termed intra), and (2) the terminal piperazine nitrogen atoms (termed ter) are protonated. In both cases the total charge of the protonated guests is +4. The principal interactions of the ND ligands with G-quadruplex DNA are shown in Fig. 2 . Two structures published by Parkinson et al. 13 were used as the starting point of our model construction. The parallel telomeric quadruplex was taken from the pdb entry 3SC8. Our ligands were modeled starting from both crystallographic structures, hydrogen atoms were added and basic amines were protonated according to our definition of the intra and ter protonation states, by hand: ligand ND1 was modeled, starting from 3SC8, and a methylene group was deleted. Ligand ND2 was taken from 3SC8 as it was. Ligand ND3 was adopted from 3T5E. Ligand 4 was modeled from 3T5E, adding one additional methylene group in this case. Crystallographic water molecules and the two internal potassium ions were retained in our liquid state simulation. The OPLS_2005 force field 22, 23 and the generalized Born/solvent accessible surface (GB/SA) continuum solvation model 24 were used applying the Schroedinger software package. 25 The conformational space was scanned applying a Monte Carlo Multiple Minimum (MCMM) algorithm as implemented in the MacroModel, 26 while the Polak-Ribiere conjugate gradient (PRCG) algorithm was used for minimization. 
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After a preliminary conformational Monte Carlo search of 90 000 steps, the resulting liquid phase global minimum of the G4 receptor together with the computed OPLS_2005 energy (E G4 ) represented the model for our subsequent ND binding study. Each telomeric ND(1-4) complex was generated using the following protocol: (1) the individual ND guests were posed 8-9 Å away from the receptor, keeping the diimide core parallel to the 3 0 quartet of the telomere. (2) 20 000 minimization steps (steepest descent) were conducted. (3) Finally, 120 000 Monte Carlo steps were performed in order to scan the low energy region. In this final step, the internal potassium ions were constrained with a force constant of 100 kJ mol À1 . All other degrees of freedom were included as search parameters. The relative enthalpic interaction strengths of the ND guests (DE) were simply calculated as the difference between the global minimum energy of the complex (E G4-ND ), and the sum of global minima of the G4 receptor (E G4 ) and the individual isolated (liquid phase) ND(1-4) guests (E ND1 ; E ND2 ; E ND3 ; E ND4 ). Entropic contributions were ignored in this part of our study. In Table 1 , our computed DE values for the binding of ligands 1-4 are compared with the experimental melting data published by Neidle et al. 12 A higher DT m value is connected with a higher stability of the complex. Looking at Table 1 , we come to the following conclusion. While protonation of the terminal protonation state is leading to a stronger enthalpic binding for all ND ligands, the experimental stability trend ND2 4 ND3 4 ND4 4 ND1 is reproduced by our simulation of the ter state (terminal protonation) only, which seems to be the relevant protonation state under the experimental conditions. Our computations therefore seem to confirm that three to four (ND2, ND3) methylene spacer groups represent the optimal chain length. While the enthalpic penalty due to suboptimal orientation of the two methylene groups (ND1) is dramatic (4100 kJ mol À1 relative to the ND2 complexation), the addition of more and more spacer methylene groups seems to moderately hamper the binding strength. Since our simulation seems to prove that (1) the terminal protonation is the relevant state under the experimental conditions and (2) the naphthalene diimide ligand ND2 is the best binder in our series, we focus on this very complex in the following. In order to test the robustness of our results in terms of the relative proton affinity, we calculated the energy of the two protonation states for the most effective binder, ND2, using electronic structure methods (DFT; B3LYP-D3 functional and a standard 6-31g(d) basis set), starting our DFT minimization from the OPLS_2005 global minimum conformer geometry. The DFT gas phase calculation seems to reproduce our force field simulation of the liquid phase. In fact, the terminal protonation of the guest ND2 is preferred by À146.7 kJ mol À1 .
We checked the damping effect of the solvents, running a single point calculation including implicit water (PCM) for ND2. As expected, the energy difference ter/intra drops down to À21.0 kJ mol
À1
. Nevertheless, the trend seems to be robust: the terminal protonation is preferred over the internal.
Strengths and dynamics of the individual non-covalent interactions
In order to compare the binding mode in the solid state and in solution, we compared the crystal structure 3SC8 with the global minimum found by our conformational Monte Carlo scan in the liquid phase (ter protonation) for guest ND2 (Fig. 3) .
Besides the overall analogy, there are some differences in the stacking position of the ligand, in particular the position of the ND guest is closer to the 3 0 quartet and shifted horizontally in the solid state. We speculate that this difference is due to crystal packing effects. In the solid state, the ND2 guest interacts with two quadruplex receptors at the same time, shifting the minimum position of the diimide core. The same seems to be true for the second protonation state (intra; Fig. 4) . In order to analyze the individual contributions of the individual non-covalent interactions to the overall recognition process, we computed the strength of the most important non-covalent interactions between the receptor and ligand 2 by means of their relaxed force constants (inverse compliance constants).
For an overview of the complex network of all mediated hydrogen bonds, see Fig. S1 (ESI †). The values obtained are reported in Table 2 .
In the case of terminal protonation state ter, the global minimum obtained from the conformational search shows (I) two direct NHÁ Á ÁO(phosphate) and (II) two water mediated NHÁ Á ÁO(water) hydrogen bonds, while the intra protonation state is characterized by water mediated NHÁ Á ÁO(water) hydrogen bonds exclusively. Fig. 5 depicts the two kinds of hydrogen bonds observed in the global minimum of the 2 ter complex. Looking at Table 2 , in terms of their stiffness (and lifetime), the direct piperazine/phosphate hydrogen bonds (N-HÁ Á ÁO-phosphate) seem to be more or less of the same quality as the mediated bonds (N-HÁ Á ÁO-water). The calculated relaxed force constants for these kinds of non-covalent interactions range between approximately 0.3 and 0.6 N cm
À1
. In contrast, the calculated softness of the hydrogen bonds between the mediating water and the accepting phosphate oxygen waterÁ Á ÁO(phosphate) is significantly lower: the values between 0.1 and 0.2 N cm À1 point to very short hydrogen bond lifetimes. The static picture of the relevant hydrogen bond net might be misleading in this case. In order to explain the energy difference between the two protonation states, we therefore analyzed the general radial distribution function of ND2 intra and ter guests complexed with the G4 receptor (Fig. 6) .
In its ter protonation state, guest ND2 is characterized by short range interactions, showing two direct hydrogen bonds. (For a comparison with the shorter ND1 guest, see the ESI, † Fig. S2 .) The main difference nevertheless is visible in the long range interactions: the average positions of the terminal rings are closer to phosphate groups. The methyl-piperazine rings are locked deep inside the quadruplex grooves, leading to a stronger overall electrostatic interaction with the receptor. The different positions of the charged arms are clearly shown by the electrostatic potential surfaces for the global minimum conformer (Fig. 7) , where the negatively charged phosphates are plotted in red and the positively charged nitrogen atoms in blue, respectively. Fig. 4 Superposition of the crystal structure (light blue) with the global minimum found for ligand 2 intra (red). ) of the hydrogen bonds between ligands and the telomeric receptor (ND2/ G4) complex. In the case of terminal protonation state, there are two direct NHÁ Á ÁO(phosphate) and two water mediated NHÁ Á ÁO(water) hydrogen bonds, while the intra protonation state is characterized by water mediated NHÁ Á ÁO(water) hydrogen bonds exclusively (black). The values of the hydrogen bonds leading from the mediating water to the phosphate oxygen are in italics 
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In order to further test our hypothesis concerning the differences of the hydrogen bond lifetimes in both protonation states, we performed molecular dynamics simulations (see ESI † for details of our setup). The results are summarized in Fig. 8 . As can be easily seen, in strong contrast to the internal protonation, the terminal protonation state is stabilized by a larger number of direct NHÁ Á ÁOP hydrogen bonds during the simulation time. The 50 ns trajectory of the terminal protonation state is characterized by at least one strong hydrogen bond, while the second and third hydrogen bonds are auxiliary by nature. During the whole 50 ns seconds of simulation, we don't see a single time step, characterized by four simultaneous hydrogen bonds.
Conclusions
Due to our combination of experimental data, thorough Monte Carlo conformational scans, MD simulations, DFT calculations and simulations of the mechanical binding strengths, we have analyzed (A) different protonation states of tetra-substituted Table S2 .) Fig. 7 The electrostatic potential for the intra (left) and ter (right) isomers of the G4 complex with ND2. naphthalene diimide (ND) guests complexed with G-quadruplex (G4) DNA receptors, and (B) the importance of water mediated vs. direct hydrogen bonding. Based on the reproduction of the relative stabilities of a series of ND ligands published by the Neidle group we come to the following conclusions: (1) terminal protonation of the naphthalene diimide seems to be the dominant state, leading to persistent, direct NHÁ Á ÁOP bonds. (2) Due to our calculation of the relaxed force constants in combination with MD simulations, the direct bonding is by far stronger and longer lasting than their water mediated counterparts. In this case the static picture of the X-ray structure might be misleading. (3) In the liquid phase, besides hydrogen bonding, the longer range electrostatic interactions are maximized in the terminal protonation state, leading to a perfect fit of the methyl-piperazine rings which are locked deep inside the quadruplex grooves in this case.
Computational details
The Gaussian09 software 27 was used for quantum mechanical and AMBER molecular mechanics (MM) calculations. Geometry optimizations were conducted using a B3LYP functional and a 6-31g(d) basis set. The Amber 99 force field was used. 28 The COMPLIANCE software and its graphical interface 29, 30 were used to evaluate the strength of the most important hydrogen bonds between the ligands and the quadruplex receptor. Molecular dynamics (MD) simulations on both isomers of ligand 2 were performed using the GROMACS 4.5.3 software package 31, 32 and the Amber99 force field 33 with Parmbsc0 nucleic acid torsions. 34, 35 The partial atomic charges of ligand 2 were obtained by DFT calculations, while other intramolecular forcefield parameters were generated using the ACPYPE software. [36] [37] [38] [39] A triclinic box of TIP3P water molecules was added around the system to a depth of 1.5 nm on each side of the solutes. 15 K + counterions were added to neutralize the negative charges of the phosphate groups, while other 22 K + and Cl À ions were added to set the solution ionic strength to about 0.15 M. The two internal potassium ions were kept from the Monte Carlo simulations. Explicit solvent simulations were performed within the isothermalisobaric NPT ensemble, at a temperature of 300 K, under control of a velocity rescaling thermostat. 39 The particle mesh Ewald method 40 was used to describe long-range electrostatic interactions. The timestep for integration was 2 fs and all covalent bonds were constrained using the LINCS algorithm. Preliminary energy minimizations were run for 5000 steps using the steepest descend algorithm. During equilibration, systems were harmonically restrained with a force constant of 1000 kJ mol À1 nm
À2
, gradually relaxed into five consecutive steps of 100 ps each, to 500, 200, 100 and 50 kJ mol À1 nm
. The MD simulations were carried out for 50 ns. The hydrogen bond networks were analyzed using the GROMACS tool g_hbond.
